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The crystal structures of two constructs of RC1339/APRc from Rickettsia

conorii, consisting of either residues 105–231 or 110–231 followed by a His tag,

have been determined in three different crystal forms. As predicted, the fold of

a monomer of APRc resembles one-half of the mandatory homodimer of

retroviral pepsin-like aspartic proteases (retropepsins), but the quaternary

structure of the dimer of APRc differs from that of the canonical retropepsins.

The observed dimer is most likely an artifact of the expression and/or

crystallization conditions since it cannot support the previously reported

enzymatic activity of this bacterial aspartic protease. However, the fold of the

core of each monomer is very closely related to the fold of retropepsins from a

variety of retroviruses and to a single domain of pepsin-like eukaryotic enzymes,

and may represent a putative common ancestor of monomeric and dimeric

aspartic proteases.

1. Introduction

Aspartic proteases of MEROPS (Rawlings & Barrett, 2000)

families A1 (pepsin-like) and A2 (retropepsins) are by far the

best characterized and most characteristic members of this

class of enzymes, mainly owing to their critical roles in

different physiological and pathophysiological conditions and

to their involvement in the life cycle of various pathogenic

microorganisms and viruses (Dunn et al., 2002; Dunn, 2002;

Wlodawer & Gustchina, 2000). Several aspartic proteases

have been explored as therapeutic targets, with retropepsins

constituting the most successful example owing to the design

of more than ten drugs that are used clinically for the treat-

ment of HIV/AIDS (Dash et al., 2003; Dunn et al., 2002).

Pepsins and retropepsins share the same catalytic apparatus

dependent on the presence of two aspartates located in highly

conserved sequence motifs that form the structural feature

known as the  loop (Rawlings & Barrett, 2013; Wlodawer et

al., 2013). The members of the two families exhibit similar

protein folds, although their sequence similarity is low beyond

the active-site region. Indeed, pepsin-like proteases are

bilobal, with each domain sharing similar secondary-structure

elements and contributing one catalytic aspartate to the active

site located in the cleft formed between the two domains

(Dunn, 2002). On the other hand, retropepsins are homo-
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dimers and the single active site is formed at the dimer

interface by conserved residues originating from each

monomer, which in turn share a similar topology with the

N-terminal domain of pepsin-like enzymes (Dunn et al., 2002;

Wlodawer & Gustchina, 2000). This common secondary-

structure template among domains/monomers supports the

view that pepsin-like aspartic proteases and retropepsins are

evolutionarily related and that the former may have arisen by

gene duplication and fusion of an ancestral form of the latter

(Rao et al., 1991; Tang et al., 1978).

The nature of this primordial single-lobed aspartic protease

has been a matter of debate over the years, mostly owing to

the lack of compelling evidence for the presence of both

family A1 and A2 members in prokaryotes (Cascella et al.,

2005; Rao et al., 1991; Rawlings & Bateman, 2009). However,

this argument was first challenged by the discovery of pepsin

homologs in a restricted number of bacteria (Rawlings &

Bateman, 2009) and the observation that at least one of these

genes encodes an active enzyme (Simões et al., 2011). More

recently, Cruz and coworkers reported the identification of a

gene coding for a membrane-embedded, single-lobed aspartic

protease that is highly conserved in the genomes of 55 species

of Rickettsia (Cruz et al., 2014). Using R. conorii gene homolog

rc1339 as a working model, the authors provided evidence that

the encoded product, named APRc, indeed shares several

enzymatic properties with viral retropepsins, and it was

assigned to MEROPS family A32, which comprises retro-

pepsin-like enzymes found in bacteria, whereas families A28

(type peptidase DNA-damage inducible protein 1 from

Saccharomyces cerevisiae) and A33 (type peptidase skin

aspartic protease from Mus musculus) contain those identified

in eukaryotes (Rawlings & Barrett, 2013). The common

properties include autolytic activity, optimum pH, specificity

preferences and inhibition by HIV-1 protease inhibitors.

Moreover, APRc was shown to be expressed in two patho-

genic species of Rickettsia and to be integrated into the outer

membrane of both species. In vitro processing of two

conserved autotransporter adhesin/invasion proteins Sca5/

OmpB and Sca0/OmpA by APRc suggests its participation in

a proteolytic pathway relevant to the rickettsial life cycle and

makes it a potential target for the design of novel antibiotics

targeting rickettsia (Cruz et al., 2014).

Despite the rather low sequence similarity to viral retro-

pepsins, the resemblance of enzymatic features and predicted

conservation of secondary structure suggested that APRc

might indeed represent a more primordial form of these

proteases (Cruz et al., 2014). To further validate this hypoth-

esis and to provide an understanding of the evolutionary

relationship with viral and eukaryotic retropepsins, we report

here the elucidation of the structure of the soluble domain of

APRc. Although the topology of the dimer observed in the

crystals appears to reflect a crystal-packing artifact and not the

biologically relevant interface, our results unequivocally

demonstrate that a monomer of APRc follows the canonical

fold observed in all retropepsins, either of viral or eukaryotic

origin, for which structural data are available (Dunn et al.,

2002; Li, DiMaio et al., 2011; Sirkis et al., 2006).

2. Materials and methods

2.1. Protein expression and purification

Expression constructs bearing the activation product

APRc105–231 (a construct coding amino acids 105–231)

previously identified in Cruz et al. (2014) and a shorter version

of this soluble domain (APRc110–231; a construct coding amino

acids 110–231) were both generated using the construct pET-

APRc1–231-His as a template (Cruz et al., 2014). Sequences were

amplified with a forward primer containing an NdeI restriction

site (50-CATATGTATAAATGGAGTACCGAAGTT-30 for

pET-APRc105–231-His and 50-CATATGGAAGTTGGCGAAA-

TTATCATTGC-30 for pET-APRc110–231-His) and the same

reverse primer containing an NotI restriction site (50-CTCGA-

GATAATTCAGAATCAGCAGATCTTT-30), and amplifica-

tion products were cloned into pGEM-T Easy (Promega). The

inserts were subsequently digested with NdeI/NotI and sub-

cloned into pET-23a expression vector (Invitrogen) in frame

with a C-terminal His tag (constructs pET-APRc105–231-His and

pET-APRc110–231-His). Both constructs were confirmed by

DNA sequencing. Expression and purification of both forms

of soluble APRc were performed essentially as described in

Cruz et al. (2014) with minor modifications. Briefly, both

expression vectors were transformed into Escherichia coli

BL21(DE3) strain and gene expression was induced with

0.1 mM IPTG for 3 h at 30�C when the cultures reached an

OD600 of 0.7. After expression, the cells were harvested by

centrifugation (9000g, 20 min at 4�C) and the pellets were

resuspended in 20 mM phosphate buffer pH 7.5, 0.5 M NaCl,

0.01 M imidazole (buffer A). For pET-APRc105–231-His, lyso-

zyme was added (100 mg ml�1) and the cells were lysed by

freezing (�20�C) and thawing and were subsequently incu-

bated with DNase (1 mg ml�1) and MgCl2 (5 mM) for 1 h at

4�C. For pET-APRc110–231-His, the cell suspension was lysed

by three passages through an EmulsiFlex (Avestin; 69 MPa).

The total lysates were then centrifuged at 27 216g for 20 min

at 4�C and the resulting supernatant was filtered (0.2 mm)

before loading onto a HisTrap HP 5 ml column (GE Health-

care Life Sciences) pre-equilibrated in buffer A. Protein

elution was performed with a stepwise gradient of imidazole

concentration (0.05, 0.1 and 0.5 M) in the same buffer. Frac-

tions containing the protein of interest (from the 0.1 M

imidazole step) were pooled and the buffer was exchanged by

an overnight dialysis step into either 20 mM phosphate buffer

pH 7.5 (APRc105–231-His) or 20 mM HEPES buffer pH 7.4

(APRc110–231-His). Dialyzed protein fractions were further

purified by ion-exchange chromatography on a Mono S 5/50

column (GE Healthcare Life Sciences) and protein elution

was carried out with a linear gradient of NaCl (0–1 M) in

20 mM phosphate buffer pH 7.5 (APRc105–231-His) or 20 mM

HEPES buffer pH 7.4 (APRc110–231-His). For both recombinant

forms, the eluted protein was then loaded onto a Superdex

200 10/300 GL size-exclusion chromatography column (GE

Healthcare Life Sciences) previously equilibrated with 20 mM

HEPES pH 7.4 containing 0.1 M NaCl. Expression of seleno-

methionine-labeled (SeMet) APRc105–231-His was performed in

M9 medium instead of LB. 1 l of M9 medium contains 6.8 g
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Na2HPO4, 3 g KH2PO4, 0.59 g NaCl and 1 g NH4Cl. Before

use, 10 ml 20% glucose, 2 ml 1 M MgSO4, 0.1 ml 1 M CaCl2,

0.1 ml 0.5% thiamine (vitamin B1), 20 ml of a 19-amino-acid

mixture (2 mg ml�1 of each except for methionine) and 0.2 ml

1 M zinc acetate were added to the M9 medium. After the cells

had grown at 37�C to an OD600 of 0.4–0.6, 100 mg each of

threonine, lysine–HCl, phenylalanine and cysteine, 50 mg each

of leucine, isoleucine, valine and tryptophan and 120 mg dl-

selenomethionine were added to the medium. The tempera-

ture was shifted to 25�C, and after 30 min 0.2 M IPTG was

added to induce protein expression for 18 h. The protein was

purified according to the protocol used for the wild-type

enzyme. Both constructs were extended at their C-termini by

the sequence Ala-Ala-Ala-Leu-Glu-His6, the additional resi-

dues representing a cloning artifact at the coding sequence–

vector junction (NotI restriction site) and a His tag.

2.2. Crystallization

Crystals of both wild-type APRc105–231-His and its SeMet

variant were grown in hanging drops set up by hand in Linbro

crystallization plates. The well solution consisted of 24% PEG

4000 and 0.2 M Li2SO4 in 0.1 M sodium citrate buffer pH 5.8.

Samples of wild-type APRc105–231-His were concentrated to

10 mg ml�1 in 20 mM HEPES buffer pH 7.4 also containing

0.2 M NaCl and 1 mM pepstatin A, an aspartic protease

inhibitor. The concentration of SeMet APRc105–231-His was 4–

5 mg ml�1 in the same buffer. Each drop consisted of 2 ml
protein solution and 2 ml well solution and was equilibrated

against 300 ml well solution. The same method was used to

grow crystals of APRc110–231-His under a different condition. In

this case, 6 mg ml�1 of sample in 20 mM HEPES pH 7.4 with

0.1 M NaCl was mixed with well solution consisting of 1.2 M

dl-malic acid pH 7.0 with 2% 1,2-propanol in a 1:1(v:v) ratio.

2.3. Determination and refinement of the crystal structure

The structure of the SeMet variant of APRc105–231-His was

solved using multiple-wavelength anomalous scattering

(MAD) with diffraction data collected on beamline 22-ID of

SER-CAT, Advanced Photon Source, Argonne, Illinois, USA.

The MAD data were collected at the peak, edge and the low-

energy side of the absorption edge (Table 1). Native data were

collected to a higher resolution at a wavelength of 1.000 Å and

were used for subsequent refinement. Diffraction data were

integrated with DENZO and scaled with SCALEPACK,

which are parts of the HKL-2000 package (Otwinowski &

Minor, 1997). Each molecule of APRc105–231-His contained
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Table 1
Data collection and structure refinement.

Values in parentheses are for the outer resolution shell.

APRc105–231-His

SeMet, peak SeMet, edge SeMet, low energy Wild type APRc110–231-His

Data collection
Wavelength 0.97923 0.97942 0.98254 1.0000 1.0000
Space group P3221 P3221 P3221 P212121 I4122
Molecules in asymmetric unit 4 4 4 4 2
Unit-cell parameters

a (Å) 101.99 102.03 101.99 50.10 105.29
b (Å) 101.99 102.03 101.99 94.15 105.29
c (Å) 127.10 127.14 127.06 118.64 91.00
� = � (�) 90 90 90 90 90
� (�) 120 120 120 90 90

Resolution (Å) 50.0–2.50 50.0–2.50 50.0–2.40 50.0–2.00 50.0–2.59
Rmerge (%) 6.8 (31.3) 6.7 (56.8) 5.4 (41.9) 5.8 (51.0) 6.5 (45.7)
No. of reflections

(measured/unique)
139753/25568 150123/25984 150258/26600 271435/36737 34463/7659

hI/�(I)i 22.42 (3.16) 19.92 (1.5) 31.27 (2.67) 30.56 (1.74) 21.14 (3.16)
Completeness (%) 94.7 (58.7) 95.9 (60.3) 87.6 (33.6) 94.9 (64.0) 92.5 (73.1)
Multiplicity 5.5 (3.3) 5.8 (3.4) 5.6 (3.4) 7.4 (3.5) 4.5 (3.8)

Refinement
Resolution (Å) 47.37–2.45 40.00–2.00 41.85–2.59
No. of reflections

(refinement/Rfree)
26039/1386 35542/1140 7304/354

R/Rfree (%) 19.89/26.22 19.86/25.45 22.74/29.77
No. of atoms
Protein 3892 4080 1832
Ligand/ion — 15 1
Water 128 287 5

R.m.s. deviations from ideal
Bond lengths (Å) 0.016 0.015 0.011
Bond angles (�) 1.819 1.725 1.707

Ramachandran plot (%)
Favored 88.9 91 77.7
Allowed 10.4 8.6 21.9
Outliers 0.7 0.4 0.5

PDB code 5c9b 5c9b 5c9d
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three methionine residues; based on the

volume and symmetry of the unit cell it was

expected that each asymmetric unit would

contain 12 Se atoms. The heavy-atom

substructure was determined with SOLVE

(Terwilliger, 2003), with ten Se atoms being

located. Refinement resulted in a figure of

merit of 0.47 and a Z-score of 37.24.

Buccaneer (Cowtan, 2006) was used for

subsequent phasing and for initial model

building. As predicted, four molecules could

be located in the asymmetric unit, although

a number of residues at both termini and in

several loops could not be located in the

automated procedure. These missing resi-

dues were fitted in cycles of rebuilding with

Coot (Emsley & Cowtan, 2004) and refine-

ment with REFMAC5 (Murshudov et al.,

2011).

The structure of wild-type APRc105–231-His was determined

by molecular replacement using Phaser (McCoy, 2007).

Monomer A from the structure of SeMet APRc105–231-His was

used as the search model. Four molecules were located with a

Z-score of 33.1, and REFMAC5 was used for subsequent

refinement. Monomer B of native APRc105–231-His with the six

N-terminal residues removed was used to search for the

shorter form APRc110–231-His using Phaser. Both monomers

were found with a Z-score of 29.5. The solution was rebuilt

with Coot and refined with REFMAC5. The results of

refinement for all three structures are listed in Table 1.

3. Results

Three different crystal forms of the soluble domain of APRc

were investigated in this study. The longer construct

(APRc105–231-His; residues 105–231 followed by a His tag) was

crystallized in two different space groups: trigonal P3221 for

the SeMet variant and orthorhombic P212121 for the wild-type

protein. Four protein molecules occupied the asymmetric unit

in both crystal forms. The shorter construct APRc110–231-His

(residues 110–231 followed by a His tag) crystallized in the

tetragonal space group I4122 with two molecules in the

asymmetric unit. In the following, the abbreviated term

‘APRc’ will refer to the wild-type longer construct only.

3.1. Structure solution and refinement

Extensive efforts to solve the structure of wild-type

APRc105–231-His in the orthorhombic crystal form by molecular

replacement did not succeed. The models used for molecular

replacement included all retroviral proteases (Dunn et al.,

2002), both as monomers and as dimers, as well as Saccharo-

myces cerevisiae Ddi1 (Sirkis et al., 2006), a protein domain

that exhibits a retropepsin-like fold while not being enzyma-

tically active. No detectable signal was present with any of

these models, necessitating the preparation of a variant of

APRc in which its three methionine residues (including the

N-terminal methionine, which was an expression artifact) were

replaced by selenomethionine (SeMet). The resulting trigonal

crystals differed from those of wild-type APRc. The Se

substructure, as determined by three-wavelength MAD

(Table 1), yielded unambiguous positions for ten of the

expected 12 Se atoms. The resulting phases enabled auto-

mated model building, which was followed by refinement and

manual adjustment of the model, which consisted of four

crystallographically independent molecules in the asymmetric

unit.

The coordinates of the SeMet variant provided a starting

point for molecular-replacement solution of the wild-type

APRc in the orthorhombic crystals. Search models that

consisted of only a monomer of APRc were successful in

solving the structure, whereas models consisting of a dimer

were not, indicating the possibility that the dimers were

different. We found later that this was indeed the case (see

below).

The shorter construct, APRc110–231-His, starting at residue

110 of the native sequence rather than at residue 105, yielded

tetragonal crystals with only two molecules in the asymmetric

unit. Its structure was solved by molecular replacement using

monomer B of the wild-type APRc105–231-His structure as a

starting model, whereas it was again not possible to solve the

structure using a dimer as the model.

3.2. The fold of APRc

As predicted, the fold of the APRc monomer (both in the

longer and the shorter form) resembles the canonical fold of

retropepsins, which corresponds to the structural template for

the family of aspartic proteases (Andreeva, 1991). As defined

by the template, a monomer of retropepsin is formed by the

duplication of four secondary-structure elements: a hairpin, a

wide loop containing the catalytic aspartate, an �-helix and a

second hairpin. All of the secondary-structure elements listed

above are present in a monomer of APRc.
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Figure 1
A cartoon-style stereoview showing the monomer of APRc in rainbow colors (changing
smoothly from blue at the N-terminus to red at the C-terminus). Secondary-structure elements
are indicated by ribbons and selected amino-acid side chains are shown in stick representation,
with some of them labeled.
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Overall, a monomer of APRc (Fig. 1) contains ten �-strands
and two �-helices; the extent of the secondary-structure

elements is well preserved in all ten crystallographically

independent molecules of the protein, although minor differ-

ences in the locations of the starting and ending amino acids

are noticed. Since the orthorhombic crystals yielded the

highest resolution data and the chain of molecule A in this

crystal form is complete, it is used for analysis of the secondary

structure. A long N-terminal �-strand starts at Tyr105 of the

longer construct of APRc (the first residue after the initiator

methionine, with the latter being an expression artifact) and

continues through Ala117. This strand starts at Glu110 of the

shorter construct, again just after the N-terminal methionine,

and also continues through Ala117. The following two strands,

Tyr125–Val130 and Val133–Val139, form a

�-hairpin. A short strand Ile146–Leu148

forms a central strand of a four-stranded

�-sheet typical of all pepsin-like proteases.

An �-helix that extends from Lys150

through Leu156 is followed by another

�-hairpin consisting of the strands Arg167–

Thr171 and Gly174–Val187. The tip of the

hairpin loop is disordered in most of the ten

APRc molecules. The last part of the latter

strand forms another �-hairpin that includes

the strand Glu191–Gly200, and both of

these strands are part of the above-

mentioned four-stranded sheet. The next

strand Ser207–Gly210 completes the sheet

and is followed by an �-helix Met211–

Glu215. The last �-hairpin is formed by

strands Gly219–Asp223 and Leu226–Ala234

and forms the other strands of a six-stranded

�-sheet that creates the dimer interface. It

must be pointed out that the C-terminal

strand extends past Tyr231, the last

authentic residue present in the sequence of

APRc, and includes part of the linker region

leading to the disordered C-terminal His

tag, which is not visible in the electron-

density map.

The fold of a monomer is similar in all

three crystal forms, with the r.m.s.d. between

the C� atoms of molecules A in the ortho-

rhombic and trigonal crystal forms being

1.23 Å for 125 atom pairs, and that between

the 114 pairs of C� atoms of molecules A in

the orthorhombic and tetragonal cells being

0.86 Å. The largest deviations were in the

poorly defined loop 168–177 and in the

stretch 199–204.

Whereas the structure of the APRc

monomer is closely related to those of the

other retropepsins, the dimerization mode

seen in the APRc crystals is completely

different (Fig. 2). A dimer observed in all

three crystal forms is made up of the directly

interacting N-terminal strands of two mole-

cules, extended to a six-stranded �-sheet by
the C-terminal �-hairpin of each molecule.

Whereas the topology of the dimer is the

same in all three crystal forms, the angle

between the two molecules is considerably

different (Fig. 3). The differences are
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Figure 2
A superposition of monomers A of APRc (green) and HIV-1 PR (magenta), showing the
different locations of the monomers B in their respective dimers (brown and magenta). The
positions of the active-site aspartates (Asp140) in both monomers of APRc are shown as blue
sticks and surfaces.

Figure 3
A superposition of the dimers of APRc found in the three crystal forms of the protein.
Monomers A were superimposed with SSM (Krissinel & Henrick, 2004) and the shift in the
positions of monomers B emphasizes the differences in the angles between the two molecules
forming the dimers. APRc105–231-His is shown in green, its SeMet variant is shown in blue and
APRc110–231-His is shown in magenta.
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primarily owing to a rotation of the molecules around an axis

parallel to and in the center of the intermolecular �-sheet.

3.3. A comparison with retropepsins

The structure of monomer A of the orthorhombic form of

APRc was compared with the structures of several retro-

pepsins using the program SSM (Krissinel & Henrick, 2004).

For this purpose, we selected the structure of HIV-1 PR (PDB

entry 5hvp; Fitzgerald et al., 1990), as well as the structures of

Feline immunodeficiency virus (FIV) PR (PDB entry 1fiv;

Wlodawer et al., 1995), Equine infectious anemia virus (EIAV)

PR (PDB entry 2fmb; Kervinen et al., 1998) and Xenotropic

murine leukemia virus-related virus

(XMRV) PR (PDB entry 3nr6; Li, DiMaio et

al., 2011). We also used for comparisons the

structures of the central domain of yeast

Ddi1 (PDB entry 2i1a; Sirkis et al., 2006) and

the monomeric retropepsin encoded by

Mason–Pfizer monkey virus (M-PMV; PDB

entry 3sqf; Khatib et al., 2011).

The structures of XMRV PR and Ddi1

have already established the existence of a

distinctive group of aspartic proteases with

the fold of retropepsins but with structural

features of the dimer interface resembling

those of pepsin-like enzymes. The presence

of a �-hairpin at the C-terminus of APRc

clearly places this protein in the same group

as XMRV PR and Ddi1. All three C-term-

inal hairpins are superimposed very well in

the structures of monomers, while the N-

termini adopt a different conformation in

each structure (Fig. 4a). Superposition of the

APRc monomer with the monomers of HIV,

EIAV and FIV PRs reveals similar differ-

ences in the mutual orientation of the N-

and C-termini of APRc and the other three

retropepsins, as previously described for

XMRV PR (Li, DiMaio et al., 2011; Fig. 4b).

The loop containing residues 159–166

assumes a different conformation in APRc

than in all of the other structures that are

being compared (Fig. 4).

Similarities and differences between

APRc and selected retropepsins can be

described in more detail by using pairwise

comparisons. A molecule of HIV-1 PR, the

most widely studied retropepsin, consists of

99 amino-acid residues, 90 of which can be

aligned with their counterparts in APRc

with an r.m.s.d. of 2.14 Å (based on C�

positions) despite a very low sequence

identity of only 16.7%. The APRc monomer

contains two full helices compared with one

in HIV PR. Since helix 150–156 in APRc has

no equivalent in HIV-1 PR, these residues,

as well as their continuation through

Thr166, did not align well (Fig. 5a). The

second APRc helix (211–215) aligned quite

well with its counterpart in HIV-1 PR. The

most profound difference is the presence of

the C-terminal hairpin in APRc, in contrast

to a single C-terminal �-strand in HIV-1 PR.
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Figure 4
Superposition of the monomers of APRc with several retropepsins. (a) APRc is shown in green
with the N- and C-termini in cyan and red, respectively, XMRV PR in orange with the N- and
C-termini in blue and yellow, respectively, and Ddi1 in raspberry with the N- and C-termini in
blue and brown, respectively. The second �-helix in the monomers of APRc and Ddi1 is shown
in gray and pink, respectively. (b) APRc is shown in green with the N- and C-termini in cyan
and red, respectively, HIV-1 PR is in magenta, EIAV is in yellow and FIV PR is in purple. The
N- and C-termini of the latter three proteins are shown in blue and pink, respectively. The
second �-helix in the monomers of APRc and EIAV PR is shown in gray and orange,
respectively.
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The penultimate �-strand of APRc and the beginning of the

N-terminal strand of APRc (starting at Ile115) topologically

resemble the positions of the respective strands in HIV-1 PR,

although their directionality is different (Fig. 4b). The dimer of

APRc is very different from its counterpart in HIV-1 PR (Fig.

2).

The slightly larger FIV PR consists of 116 residues (with the

three N-terminal residues not modeled), 84 of which align with

their counterparts in APRc with an r.m.s.d. of 1.55 Å. Again,

the largest deviations involve residues 150–166, as well as the

termini, although the sequence identity is higher at 27.4%. The

FIV PR monomer contains one helical turn and one full helix

at the structural positions corresponding to the structural

template (Fig. 4b). The other interesting feature is the

presence of a bulge in the loop containing residues 200–204 in

APRc, which is topologically equivalent to the relevant

structural fragment in FIV PR (residues 92–96; Fig. 6;

Wlodawer et al., 1995). As was suggested by these authors,

such an insertion in close proximity to the flap region can

modulate the dynamic properties of the flap and the specificity

of APRc.

Similar to EIAV PR (104 amino acids), which differs from

the other two retropepsins in having two full �-helices in a

monomer and thus completing the set of secondary-structure

elements required by the structural template of the family of

aspartic proteases, APRc also has two helices (Fig. 5b), as

opposed to one full helix in HIV PR (Fig. 5a) and one helix

and a helical turn in FIV PR. The core of its monomer

superimposes well on the core of APRc, with an r.m.s.d. of

1.88 Å for 94 pairs of C� atoms. The two �-helices present in
these structures superimposed particularly

well (Fig. 5b), whereas the largest differ-

ences were for residues 157–166 of APRc

(corresponding to 42–50 in EIAV PR). The

extent of sequence identity is even lower at

only 14% and is limited to the active site and

its vicinity.

XMRV PR is longer (124 amino acids)

and differs in some topological details from

the other retropepsins, especially regarding

the strands forming the dimer interface. The

C� atoms superimpose with an r.m.s.d. of

1.94 Å for 92 pairs (sequence identity

20.6%). Similar to FIV PR, only one full

helix and a helical turn are present in the

monomer of XMRV PR (Fig. 5c). The N-

termini in these two proteases (the residues

preceding His123 in APRc and Glu15 in

XMRV PR) follow a completely different

path. On the other hand, the C-terminal �-
hairpins superimpose very well, although

both of the �-strands comprising a hairpin in

XMRV PR are shorter than in APRc.

Residues 116–124 in XMRV PR following

the second �-strand in the hairpin adopt a

different path from their counterparts in

APRc (however, some of the corresponding

residues in the latter protein form the

extension of the C-terminal strand but

represent a cloning artifact; Figs. 5c and 4a).

The retropepsin-like domain of Ddi1 can

be superimposed on APRc with an r.m.s.d.

of 2.32 Å for 91 aligned C� atoms, despite

higher sequence identity (27.5%). As in the

case of EIAV PR, the two helices present in

both Ddi1 and APRc superimpose well,

whereas the much longer C-terminal

sequence in Ddi1 forms a three-stranded

�-sheet in which the third strand occupies a

topologically equivalent position to the

N-terminal strand of APRc (Fig. 5d). The

wide loop leading to the flap in Ddi1
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Figure 5
A superposition of molecules A of APRc (green, with the N-and C-termini in cyan and red,
respectively, and the second �-helix in gray) with other retropepsins. (a) HIV-1 PR in magenta,
with the N- and C-termini in blue and pink, respectively; (b) EIAV PR in yellow, with the N-
and C-termini in blue and pink, respectively, and the second �-helix in orange; (c) XMRV PR
in orange, with the N- and C-termini in blue and pink, respectively; and (d) Ddi1 in wheat, with
the N- and C-termini in blue and pink, respectively, and the second �-helix in brown.
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includes a helical turn (residues 238–242) that is structurally

equivalent to the helical turn comprising residues 160–162 in

APRc. Although this loop in Ddi1 is topologically similar to its

counterparts in other retropepsins, it differs from the unique

conformation of this loop found in APRc.

The monomeric M-PMV PR can be superimposed on APRc

with an r.m.s.d. of 1.80 Å for 86 C� atoms. Both the N- and

C-termini of M-PMV PR are missing in the crystal structure;

therefore, direct comparison of the dimerization interfaces

between APRc and this enzyme is not possible. M-PMV PR

has only one full helix and a helical turn in a monomer, similar

to the FIV and XMRV PRs.

4. Discussion

As predicted based mainly on the presence of the canonical

DTG motif in the primary structure of APRc, the fold of this

protein does indeed follow the structural template of the

family of aspartic proteases. In particular, the fold of APRc

closely resembles the fold of retropepsins and, to a lesser

extent, of a single domain of eukaryotic aspartic proteases.

The overall fold of the monomer is preserved even though the

identity of the sequences is below 28% compared with all

retropepsins with known three-dimensional structure.

Although both constructs of APRc that were investigated in

this study formed topologically similar dimers, the observed

quaternary structure cannot correspond to an active enzyme,

since the catalytic aspartate residues of each monomer are not

in close proximity, as is the case for pepsin-like aspartic

proteases. The dimer interface is formed by both the N- and

C-terminal �-strands, which, however, do not form an inter-

digitated sheet as seen in most retropepsin dimers (with the

exception of XMRV PR and Ddi1). This unexpected dimer

may be an artifact of the expression of the recombinant form

of the enzyme with an extended C-terminus, a crystallization

artifact, or a combination of both these factors.

Although the observed quaternary structure of APRc does

not explain its mode of proven enzymatic activity (Cruz et al.,

2014), the structure of the monomer provides comprehensive

insights into the striking conservation of a folding domain

among proteins with highly divergent primary amino-acid

structures and with very diverse origins, consistent with the

view that secondary and tertiary structures are generally

conserved in evolution (Tang et al., 1978). Interestingly, the

main differences between the monomers of

APRc and retropepsins are accommodated

by the lengths of the surface loops and by

the lengths and conformations of the

segments connecting these structural

elements, which have also been previously

established as the regions with highest

variability among retropepsins (Dunn et al.,

2002; Wlodawer et al., 1995). APRc shares

the additional helix C1 (residues 150–156)

with EIAV PR (Gustchina et al., 1996) and

Ddi1 (Sirkis et al., 2006), which is usually

either absent or substituted by a single

helical turn in the corresponding segment in

most retropepsins (Dunn et al., 2002). Two

analogs of this helix are also found at

appropriate positions in the N- and C-

terminal domains of pepsin-type proteases

(Gustchina et al., 1996). It is quite remark-

able that this structural feature is shared

between a prokaryotic, a retroviral (EIAV

PR) and a eukaryotic (DdiI) retropepsin.

The region comprising an extra helix and

the following wide loop is usually among the

most variable regions in retropepsins. APRc

is no exception to this rule. Furthermore,

this wide loop (residues 157–166) is longer,

resembling the FIV and EIAV PRs, in

contrast to the shorter segments observed in

XMRV PR (Li, Gustchina et al., 2011), and

has a distinctively different conformation as

well as topological juxtaposition compared

with other retropepsins (Fig. 7). The unique

structure of this segment has been referred

to in several publications as an area which
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Figure 5 (continued)
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confers different immunological properties to various retro-

pepsins (Gustchina & Weber, 1991; Wlodawer et al., 1995).

This hypothesis was confirmed by recent studies of the anti-

body complexes of the allergen Bla g 2, which has the fold of a

pepsin-like aspartic protease. These studies have shown that

Lys61 in Bla g 2 (a structural homolog of Arg41 from the

corresponding loop in HIV PR; Fig. 7) is the key residue for

antigen–antibody recognition (Li et al., 2008).

Moreover, the region 200–203 in APRc shows some simi-

larity to the bulge formed by residues 93–95 in FIV PR

(Wlodawer et al., 1995), which is, to date, a feature uniquely

found in the latter enzyme. On the other hand, the loop 187–

191 is not as long as the equivalent region in FIV PR (75–85)

(or in RSV PR), but has a similar size as those in EIAV, HIV-1

and XMRV PRs (Wlodawer et al., 1995).

The dimer of APRc observed in the crystals is entirely

different from the canonical dimer of retroviral enzymes and is

incapable of forming a proper active site (Fig. 2). The dimer-

ization interface is formed by the N- and C-termini of two

monomers, but they are not interdigitated as in the other

retropepsins. Owing to the presence of a C-terminal �-hairpin
in each monomer, upon dimerization they form a six-stranded

�-sheet as in pepsin-like enzymes, with the

difference that in the crystal structure of

APRc two monomers interact via their N-

termini (Fig. 3), whereas in pepsin the two

domains interact via a C-terminal hairpin

(Fig. 8). We speculate that an active dimer

could possibly be created upon interaction

with substrates or inhibitors, or that a more

extensive search for new truncated

constructs of this protein could yield

different crystal forms of APRc that would

contain a potentially active dimer.

A comparison of APRc with two other

proteins that have C-terminal hairpins,

XMRV PR and Ddi1, clearly indicates that

APRc bears the closest resemblance of the

three to the pepsin-like enzymes in its

topological arrangement of both termini in

the dimerization �-sheet, their orientation

and their coplanarity with the pepsin inter-

face (Fig. 8). This observation supports the

concept that APRc may represent a putative

common ancestor of monomeric and

dimeric aspartic proteases, as well as hinting

at the possible existence of a different

evolutionary pathway for these enzymes (Li,

Gustchina et al., 2011). Further studies are

still required to elucidate the structural basis

of the enzymatic activity of APRc.
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